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NotchIn this paper we have investigated the developmental–genetic steps that shape the entero-endocrine system
of Drosophila melanogaster from the embryo to the adult. The process starts in the endoderm of the early
embryo where precursors of endocrine cells and enterocytes of the larval midgut, as well as progenitors of the
adult midgut, are speciﬁed by a Notch signaling-dependent mechanism. In a second step that occurs during
the late larval period, enterocytes and endocrine cells of a transient pupal midgut are selected fromwithin the
clusters of adult midgut progenitors. As in the embryo, activation of the Notch pathway triggers enterocyte
differentiation and inhibits cells from further proliferation or choosing the endocrine fate. The third step of
entero-endocrine cell development takes place at a mid-pupal stage. Before this time point, the epithelial
layer destined to become the adult midgut is devoid of endocrine cells. However, precursors of the intestinal
midgut stem cells (pISCs) are already present. After an initial phase of symmetric divisions which causes an
increase in their own population size, pISCs start to spin off cells that become postmitotic and express the
endocrine fate marker, Prospero. Activation of Notch in pISCs forces these cells into an enterocyte fate. Loss of
Notch function causes an increase in the proliferatory activity of pISCs, as well as a higher ratio of Prospero-
positive cells.ell and Developmental Biology
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0095, USA. Fax: +1 310 206
tein).
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The function of the intestinal tract of all animals is regulated by
two closely interrelated systems, the autonomic nervous system and
the endocrine system. The endocrine system is formed by specialized
endocrine glands, like the islets of Langerhans in vertebrates'
pancreas, or the corpora cardiaca in insects, as well as scattered
entero-endocrine cells that form part of the intestinal epithelium.
These cells, which typically outnumber cells of all other endocrine
organs combined, represent the diffuse endocrine system (DES).
Entero-endocrine cells produce different peptide hormones with
speciﬁc regional distributions and functions (for review, see Rehfeld,
1998; Montuenga et al., 2003; Rindi et al., 2004). Well known
examples from vertebrates are secretin or CKK (produced in the
duodenum; stimulates pancreatic bicarbonate secretion), or gastrin
(produced in the stomach; increases acid secretion from parietal
cells). The peptide hormones produced by entero-endocrine cells also
occur as neuro-transmitters in neurons and are therefore frequently
referred to as “brain–gut peptides” (Fujita et al., 1981). For example,the peptides of the insect tachykinin family are found both in midgut
entero-endocrine cells, as well as in neurons of the central nervous
system (Winther et al., 2003). Tachykinin released from neurons
locally affects gut muscle contractility; systemic release into the
hemolymph acts on many effector organs, including the excretory
Malpighian tubules, the heart, and the somatic musculature (Winther
and Nassel, 2001).
Recent studies have addressed the origin and genetic speciﬁcation
of the entero-endocrine system. In vertebrates, entero-endocrine
cells, along with all other cell types of the intestinal epithelium
(absorptive enterocytes, mucus producing goblet cells, and many
others), are produced from an early embryonic stage onward in the
endoderm. At this stage the endoderm forms an epithelial tube in
which all cells are mitotically active (Henning et al., 1994; Crosnier et
al., 2005). Later, the endodermal epithelium becomes folded into the
villi and crypts that are characteristic of the mature gut. At that point,
proliferation becomes restricted to the crypts, and cells in the villi
undergo differentiation. The ﬁrst entero-endocrine cells are speciﬁed
before the gut epithelium has formed villi and crypts. Transcriptional
regulators of the basic helix-loop-helix (bHLH) family (Math-1; Ngn-
3; for review, see Lee and Kaestner, 2004; Schonhoff et al., 2004b) are
expressed in presumptive entero-endocrine cells and are required for
their differentiation. The same genes were shown to act as
determinants in the central and peripheral nervous system of
vertebrates and Drosophila alike (Campuzano and Modolell, 1992;
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inhibition mediated by the Notch/Delta signaling pathway restricts
the number of entero-endocrine cells relative to enterocytes (Jensen
et al., 2000; Crosnier et al., 2005; Fre et al., 2005), in the same manner
as this pathway controls the formation of neurons (Campos-Ortega,
1995; Lewis, 1996).
The development of entero-endocrine cells and its genetic control
in invertebrates has not been investigated in any detail thus far.
Several recent studies that addressed the regeneration of cells in the
adult Drosophila midgut (Ohlstein and Spradling, 2006, 2007;
Micchelli and Perrimon, 2006) revealed that both enterocytes and
endocrine cells are constantly produced by a population of undiffer-
entiated intestinal stem cells (ISCs) scattered around the basal surface
of the midgut epithelium. These stem cells, during the lifetime of the
adult ﬂy, undergo multiple rounds of asymmetric cell divisions, with
each mitosis producing one new stem cell (self renewal) and one
enteroblast which either differentiates into an enterocyte or an
entero-endocrine cell. As reported for vertebrates, high levels of Notch
activity in the enteroblast trigger the enterocyte fate,whereas low levels
are required for this cell to become an entero-endocrine cell. These
ﬁndings suggest that there may be signiﬁcant similarities in the genetic
mechanisms specifying the entero-endocrine system across different
animal phyla. To further substantiate this hypothesis, we have inves-
tigated the origin of entero-endocrine cells in the Drosophila embryo,
larva, and pupa, and their speciﬁcation by the proneural–neurogenic
gene cassette.
Drosophila is a member of the holometabolous insects which un-
dergo complete metamorphosis. The midgut epithelium is formed
from the endoderm that appears in the early embryo. Endodermal cells
initially form a homogenous mass of dividing progenitors, which then
split into several cell types giving rise to the larval and adult midgut
(Tepass and Hartenstein, 1994). The larval midgut cells differentiate
into an epithelial layer that persists throughout the larval period.
During the pupal phase (metamorphosis), these cells degenerate and
are replaced by a new set of adult cells. Adult midgut cells arise from a
population of progenitor cells (adult midgut progenitors; AMPs) that
appear already in the embryo but remain undifferentiated during
the larval phase. (Please note that in this paper, we will call all
undifferentiated, dividing cells in the developing ﬂy “progenitors.”)
Scattered evenly around the basal (outer) surface of the larval midgut
epithelium, AMPs proliferate and, towards the end of larval life, form
clusters (“islands”) of small cells (Hartenstein and Jan, 1992; Jiang and
Edgar, 2009; Mathur et al., 2010). During the ﬁrst few hours of
metamorphosis, AMP islands merge into a continuous epithelial tube
which differentiates into the adultmidgut over the next several days of
pupal life. Entero-endocrine cells are found scattered throughout the
larval and adult midgut (Siviter et al., 2000; Veenstra, 2009, 2008).
The ﬁndings reported here show that larval endocrine cells are
born in the early embryo, when the endoderm splits into three major
cell types, the endocrine cells and enterocytes of the larval midgut, as
well as progenitors of the adult midgut. This step is under the control
of Notch signaling; high Notch activity is required for larval
enterocytes and limits endocrine cells. A second step of endocrine
cell formation occurs during the late larval period when enterocytes
and endocrine cells of a transient pupal midgut are selected from
within the clusters of adult midgut progenitors. Again, activation of
the Notch pathway triggers enterocyte differentiation, and inhibits
cells from further proliferation or choosing the endocrine fate. Finally,
endocrine cells of the adult midgut are born during the second half of
the pupal period from precursors of the intestinal midgut stem cells
(pISCs). These cells initially divide symmetrically and increase their
own population size; around 50 hours after the onset of metamor-
phosis they start to produce cells that leave the mitotic cycle and
express the endocrine fate marker, Prospero. As in the embryo and
larva, activation of Notch in pISCs triggers an enterocyte fate in these
cells; loss of Notch function causes an increase in the proliferatoryactivity of pISCs, as well as a higher ratio of Prospero-positive cells.
Our ﬁndings provide the basis for future studies of the mechanism
that controls the speciﬁcation and differentiation of entero-endocrine
cells in the genetic model system, Drosophila.
Materials and methods
Fly strains
All ﬂies used in this study were reared with normal ﬂy food at 25 °C
or at room temperature except for the temperature shift experiments.
The following strains were used: OregonRw1118, UAS-mCD8GFP, UAS-
myr-mRFP, UAS-ﬂp, N55e11, Nts2, Dl9P, Act5c promoterNstopN lacZ, all
obtained from the Bloomington Stock Center; pros-GAL4, esg-GAL4,
obtained from the National Institute of Genetics, Mishima, Japan;
10XStat92E-GFP (Bach et al., 2007), UAS-Nintra from Dr. Utpal Banerjee,
Gbe+Su(H)-lacZ (Furriols and Bray, 2001), from Dr. Bruce Edgar.
Immunostaining
Antibodies used in this study included rabbit anti-tachykinin
(1:2000; kindly provided by Dr. Dick Nässel); mouse anti-Armadillo
(1:5), mouse anti-Prospero (1:10), mouse anti-Delta (1:100–500)
(Developmental Studies Hybridoma Bank, the University of Iowa,
USA); mouse anti-Beta-galactosidase (1:100; Promega, Madison, WI);
rabbit anti-Beta-galactosidase (1:1000; Cappel/MP Biomedicals,
Solon, OH); rabbit anti-phosphorylated histone H3 (1:1000; Upstate
Cell Signaling Solutions/Millipore, Billerica, MA); mouse anti-green
ﬂuorescent protein (GFP; 1:100; Sigma, St. Louis, IL); rabbit anti-GFP
(1:100; Invitrogen, Carlsbad, CA); mouse anti-Bromodeoxyuridine
(BrdU; 1:100; BD Biosciences, San Jose, CA); rat anti-BrdU (1:100;
abcam, Cambridge, MA).
Antibody staining was performed according to standard protocols
(Ashburner, 1989). Larval, pupal and adult guts were ﬁxed in 4%
formaldehyde (electron microscopy grade), diluted with phosphate-
buffered saline (PBS) containing 0.1% Triton X-100 (PBT). For anti-
Delta antibody, PBS without detergents or PEM buffer was used to
dilute ﬁxative. The preparations were incubated with primary
antibody at 4 °C overnight, and then with secondary antibodies with
ﬂuorescent tags at 4 °C overnight. Preparations were mounted in
Vectashield (Vector laboratories, Burlingame, CA, USA), which
contained TOTO-3 dye (1:2000; Invitrogen) in several experiments.
Embryos were ﬁxed with 4% formaldehyde and the vitellin membrane
was removed by 100% methanol. Primary antibody was added and
incubated at 4 °C for overnight. After a ﬂuorescent secondary antibody
was added and the embryos were incubated, the embryos were
mounted in Vectashield. For color reactions, biotinylated secondary
antibodies were used and the signal was ampliﬁed using the ABC-elite
kit (Vector Laboratories) and was detected by 0.1% diaminobenzidine
(Sigma) supplemented with 0.01% H2O2.
Temperature shift experiments
Progeny of the cross, N55e11/FM7cGFP×Nts2/Y, was collected and
reared at permissive temperature (18 °C). The third instar larvae were
transferred to a restrictive temperature (30 °C) for 1 day and examined
at late third instar (wandering larvae) or at white prepupae. Twenty-
four hour pupae from same cross were transferred to 30 °C and
examined at 72 hours after puparium formation (APF). Anti-Prospero
antibodywas used to detect entero-endocrine cells. The phenotypewas
compared between mutants (N55e11/Nts2) and wildtype siblings
(FM7cGFP/Nts2 or FM7cGFP/Y). Flies carrying esg-GAL4 UAS-myr-
mRFP; tubulin-GAL80ts were crossed with UAS-Nintra or OregonR (for
control experiment) and then their progeny were collected and reared
at 18 °C at which GAL80ts is active; thus GAL4-UAS system was
inhibited. Subsequently they were shifted to 29 °C, at which GAL80ts is
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late third instar, or from 24 to 72 hours APF). Endocrine cells were
detected with anti-Prospero antibody. Since we used different tem-
peratures in this experiment, stages of larval and pupal development
were normalized with the stages of 25 °C condition.
BrdU incorporation
After removing the pupal case, BrdU (Sigma) solution (20–30 nL;
BrdU saturated in distilled water) was injected into the body cavity of
Pupae. Pupal midguts were dissected and ﬁxed after 2–4 hours after
the injection. Larvae were fed with BrdU-containing ﬂy food (1 mg/
mL) for 3 hour and immediately ﬁxed. Embryos were incubated with
1 mg/mL of BrdU solution for 30 min as described by Smith and Orr-
Weaver (1991). Preparations were treated with 2N HCl for 30 min on
ice, and then processed for anti-BrdU immunohistochemistry.
In situ hybridization
Dechorionated OregonR embryos were ﬁxed with 4% formalde-
hyde and then devitellinized by 100% methanol and stored in 100%
methanol at −20 °C until use. The embryos were rehydrated with a
descending methanol series and treated with PBS containing 0.1%
Tween 20 (PBS-tw). They were then reacted with 10 μg/mL of
proteinase K diluted with PBS-tw; the reaction was stopped with
2 mg/mL of glycine dissolved in PBS-tw. After being ﬁxed with 4%
formaldehyde again and washed with PBS-tw, embryos were
hybridized with a digoxygenin-labeled RNA probe prepared against
esg cDNA diluted with hybridization buffer at 60 °C for overnight.
After washing out non-hybridized probeswith 50% formamide diluted
with 2× SSCT, 2× SSCT, and 0.2× SSCT (performed at 60 °C) and then
brieﬂy washed with PBS-tw, they were blocked with 0.2% Blocking
reagent (Roche, Indianapolis, IN) diluted with PBS-tw and then
treated with anti-Digoxygenin antibody labeled with alkaline-phos-
phatase (Roche) overnight. After washing with PBS-tw, the hybrid-
ized probe was detected by NBT/BCIP (tablet, Roche) or by FastRed
(tablet, Roche). Some embryos with FastRed staining were processed
to immunohistochemistry with anti-Prospero antibody. The esg cDNA
was obtained by RT-PCR using following primers: 5′- GTCGATGTG-
GATGTGGACTCGGAC-3′ and 5′- CGTAGTTGAGTTCGCTGCTGCTGG-3′.
Lineage tracing experiment
Animals were kept at 18 °C before the temperature shift. White
prepupae with the genotype, tub-GAL80ts/+; esg-GAL4 UAS-mRFP/
UAS-ﬂp; Act5c promoterNstopN lacZ were collected and kept at 18 °C.
The pupae were transferred to 29 °C to inactivate GAL80ts from
24 hours APF to 72 hours APF, and then dissected and processed for
immunohistochemistry.
Transmission electron microscopy
Larval guts were ﬁxed with 2.5% glutaraldehyde and 1% osmium
tetroxyde, and embedded in Epon resin. Ultra-thin sections were
stained with uranyl acetate and lead citrate. JEOL 100CX transmission
electron microscope was used for observation.
Results
The developing Drosophila midgut undergoes three distinct phases of
morphogenesis
Based on ﬁndings for adult gut (Ohlstein and Spradling, 2007;
Mathur et al., 2010) we assumed that entero-endocrine cells and
enterocytes are generated in a coordinated fashion from midgut
progenitors during the pre-adult stages. We therefore started out byreconstructing the developmental history of midgut progenitors,
using escargot (esg) as a marker for this cell type (Fig. 1). One can
distinguish three distinct phases of midgut development. The ﬁrst
phase takes place in the embryonic endodermwhich forms an anterior
and posterior cluster of proliferating mesenchymal cells. During mid-
embryonic stages, both clusters migrate towards each other and re-
organize into the larvalmidgut (Campos-Ortega and Hartenstein, 1985;
Tepass and Hartenstein, 1994). At an early embryonic stage, all dividing
endodermcells express esg (Fig. 1A). Subsequently, the endoderm splits
into an outer and inner layer of cells. The outer layer gives rise to the
epithelial cells that differentiate into the enterocytes of the larval gut
(Tepass and Hartenstein, 1994, 1995). The inner layer includes the
progenitors thatwill give rise to the adult gut (AMPs).We found that the
inner layer also contains the precursors of larval entero-endocrine cells
(described later).
As the endoderm undergoes its transition into outer and inner
layer, expression of esg disappears from the outer layer (Fig. 1B),
which indicates that these cells, which will form the larval midgut
enterocytes, lose their state as undifferentiated progenitors ﬁrst. The
outer layer is also the ﬁrst to become postmitotic. Thus, endoderm
cells undergo two synchronous rounds of mitosis before splitting into
inner and outer cells (Fig. 2A). Around the time of the split, some of
the emerging outer layer cells divide for a third time, but immediately
thereafter, mitotic activity ceases in the outer layer, and its cells
reorganize into the larval midgut epithelium. By contrast, inner cells
continue to proliferate for several hours (Fig. 2B, C). The inner layer
initially maintains expression of esg but then downregulates this gene
in all cells except for the prospective AMPs (Fig. 1B, C). esg-positive
AMPs remain in the lumen of the midgut in the embryo until stage 16,
when they translocate to the basal surface of the midgut epithelium.
In the larva, as described in greater detail elsewhere (Jiang and
Edgar, 2009; Mathur et al., 2010), the AMPs divide approximately 7–8
times. During the ﬁrst three rounds of division, the resulting daughter
cells spread out, forming streams of esg-positive cells that migrate
along the basal surface of the early larval midgut epithelium (Fig. 1D).
In the third larval instar, AMPs continue to divide (Fig. 2D), but the
division products stay in contact, forming “islands” or “nests” of small,
diploid cells scattered relatively evenly among the large, polyploid
larval enterocytes (Fig. 1E, G).
A polarization of the AMP islands becomes apparent during the
third instar. A central cluster of small, rounded cells is surrounded
laterally and apically (towards the lumen) by 1–3 peripheral cells
(PCs), with extended, sheet like cytoplasm (Fig. 1G, G’). According to
the study by Mathur et al. (2010), most AMP islands possess one
peripheral cell; only 20% have two of these cells. In our hands, this
number is higher; the average number of peripheral cell, as deﬁned by
a high level of 10XStat92E-GFP expression in and around the nucleus,
lies at two cells per AMP cluster. It is possible that regional or
temporal differences among AMP clusters account for the different PC
numbers. It is also possible that the Gbe+ Su(H)-lacZ construct used
byMathur et al. (2010) is expressed in a subset of the 10XStat92E-GFP-
positive peripheral cells.
The appearance of the peripheral cells initiates a second phase in
midgut morphogenesis, which results in the formation of a transient
pupal midgut epithelium that has not been recognized in the previous
literature. Thus, the peripheral cells of each AMP nest, which aside
from their characteristic morphology (Fig. 1F, G) can be visualized by
a high expression level of the 10XStat92E-GFP reporter (Fig. 1G), fuse
during the ﬁrst hours after puparium formation and form a complete
cellular layer around the central mass of degenerating larval midgut
cells (the “yellow body”) (Fig. 1H, I). In view of the fact that the
peripheral cells, in the pupa, show signs of differentiation (for
example, they turn down expression of esg and form extensive
septate junctions among each other; S.T. and V.H., unpublished data),
we will call the layer formed by these cells “transient pupal midgut
epithelium” (tPMG). The tPMG remains attached to the outer surface
Fig. 1. Development of larval, pupal and adult gut, illustrated with the help of the expression pattern of escargot (esg). A, B: Parasagittal sections of embryos at stage 10 (E10; 5 hours
AEL) and stage 11 (E11; 6.5 hours AEL). Anterior to the left, dorsal up. In situ probe shows expression of esg in all cells of posterior endoderm (pe in A). At stage 11, endoderm has split
into an outer layer (ol) and inner layer (il). esg is lost from outer layer but maintained transiently in all cells of inner layer. C: Horizontal section of stage 14 (E14; 11 hours AEL)
embryo. Dorsal view, anterior to the left. Outer layer of endoderm has formed the larval midgut primordium (lmp). Expression of esg is maintained in subset of inner cells; these
represent the adult midgut progenitors (amp). D, E: Tangential sections of midgut of ﬁrst instar larva (L1) and late third instar larva (L3). esg-lacZ reporter construct (blue) labels
adult midgut progenitors (amp). These form streams of cells in early larva; in late larva, they are distributed as clusters all over the basal surface of the midgut. lec: larval enterocyte.
F: Electron micrograph of section of late larval midgut. Note large, ﬂattened larval enterocytes (lec) studded with long microvilli at apical surface toward the lumen (lu). Basally is a
cluster of adult midgut progenitors (amp). Some cells of cluster have differentiated into ﬂattened peripheral cells (pc) surrounding a more central group of undifferentiated adult
midgut progenitors. G–L: Z-projection of confocal sections of midgut of late third instar larva (L3; G), white prepupa (WP; H), 6 hour prepupa (P6; I), 12 hour prepupa (P12; J), and
72 hour pupa (P72, K, L). For each stage, upper panels present tangential confocal section of gut epithelium; small, lower panels (G’, H’, I’, K’) show confocal cross section, with apical
surface pointing upward, except for J’ showing red channel of J. In all panels, midgut progenitors are labeled by esg-GAL4-driven mRFP (red) and by 10XStat92E-GFP (green). Cell
nuclei are labeled by TOTO-3 (blue). G, G’: clusters of small adult midgut progenitors (amp) scattered among large larval enterocytes (lec). Outer layer of midgut progenitors have
differentiated into peripheral cells (pc) which express higher levels of 10XStat92E-GFP. H, H’: In white prepupa, the midgut contracts. Clusters of midgut progenitors approach each
other and form lose cell layer that encloses the larval midgut epithelium (lec in H’). I, I’: The peripheral cells of eachmidgut progenitor cluster start to fuse into a continuous epithelial
layer interposed between larval midgut and adult midgut progenitors. This layer (labeled green by high 10XStat92E-GFP expression) represents the transient pupal midgut
epithelium (tPMG in H’, I’). J: In the 12 hour prepupa, adult midgut progenitors form a continuous epithelial layer, whose cells will differentiate into the adult enterocytes (aec). All
cells still express low levels of esg (red). Scattered cells start to upregulate esg; they represent the presumptive intestinal stem cells (pISC) found in the adult midgut. K, K’, L: In the
72 hour pupa, presumptive intestinal stem cells, expressing both esg and 10XStat92E-GFP, have increased in number and are located at the basal surface of themidgut epithelium. The
former larval midgut, surrounded by the transient pupal midgut epithelium, forms a compact mass in the lumen of the presumptive adult gut (yellow body, yb, in L). Scale bars:
50 μm, except for D: 25 μm, F: 1 μm.
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intestinal tract with the yellow body after eclosion.
The third phase of midgut morphogenesis, which produces the
deﬁnitive adult midgut, begins with the onset of metamorphosis
when the former central cells of the AMP islands spread out and fuse,
forming a third, outer layer surrounding the tPMG (Fig. 1I). This
outermost layer, which represents the presumptive adult midgut
epithelium, initially still expresses esg in a homogenous pattern but,as described previously (Jiang and Edgar 2009; Mahtur et al., 2010),
soon turns down this marker as cells differentiate into enterocytes. At
around 12 hours APF, esg expression is restricted in a subset of evenly
distributed cells within the presumptive adult midgut epithelium
(Fig. 1J). The esg-positive cells are precursor to the adult intestinal
stem cells (pISCs). Around 24 hours APF, pISCs divide frequently
(Fig. 2E, F), simply increasing their number. In later stage, starting
around 50 hours APF, they produce differentiated cells (see below)
Fig. 2. Proliferation of midgut progenitors. A–C: Parasagittal sections of embryos incubated for 30 min in BrdU solution and labeled with anti-BrdU antibody (brown). A: Embryonic
stage 9 (E9). All cells of the posterior endoderm (pe) are in their 2nd postblastoderm mitosis (cell cycle 15). ec: ectoderm, ms: mesoderm. B, C: Stage 11 (E11, B) and stage 12 (E12,
C). After stage 11, proliferation has ceased in the outer layer (ol) of the posterior endoderm, which differentiates into the enterocytes of the larval midgut. Proliferation continues in
the inner layer (il). Dashed lines demarcate the posterior endoderm. hg: hindgut. D–F: Z-projection of confocal sections of midgut of mid third instar larva (L3; D) and 24 hour pupa
(P24, E, F). In D, BrdU was fed to larva for 3 hours immediately prior to ﬁxing. Clusters of adult midgut progenitor (amp) are labeled. lec: larval enterocyte. E: BrdU was injected into
pupa 2 hours prior to ﬁxation. Only presumptive intestinal stem cells (pISCs; independently labeled by esg-GAL4 driving mRFP; green) incorporate BrdU. aec: adult enterocytes.
F: anti-phosphorylated histone H3 antibody (pH3, red) labels pISCs that are in mitosis. Scale bars: 50 μm.
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epithelium.
The emergence of endocrine cells in the embryo
Prospero-positive precursors of the larval entero-endocrine cells
start to appear during the early embryonic period [stage 10; 5.5 hours
after egg laying (AEL)] within the inner layer of the anterior and
posterior endoderm (Fig. 3A). By late stage 11 (7 hours AEL), the
group of Prospero-positive midgut cells forms a numerically stable
population of approximately 175 cells (Fig. 3B, F). For 1–2 hours,
Prospero (Pros) positive cells are also esg positive (Fig. 3A, B),
indicating that the early endocrine cells share certain molecular
properties with the midgut progenitor population. During this time
interval (around 8 hours of development; mid stage 12), a signiﬁcant
fraction of endocrine precursors undergo one round of division, as
directly observable by metaphase and anaphase ﬁgures among the
Pros-positive cells (Fig. 3E). The overall number of endocrine
precursors during this interval increases up to 270 (Fig. 3D–F). This
ﬁgure coincides with or even exceeds the number established for the
larval population of endocrine cells (240, Fig. 3F), indicating that no
new cells are added in the late embryo or larva (Fig. 3F). Note that it is
possible that the increase in number of endocrine precursors during
the embryonic stage could be due entirely to the mitosis of Pros-
positive cells; however, we cannot rule out that, in addition, (initially
Pros-negative) AMPs turn on Prospero and contribute to the increase
of endocrine precursors. Like the AMPs, which also start out as part of
the inner layer, endocrine cell precursors initially come to lie in the
lumen of the developing midgut (Fig. 3C). esg-positive AMPs and
Pros-positive endocrine cell precursors now form two separate, non-
overlapping populations of cells (Fig. 3C, C’).
Differentiation of larval entero-endocrine cells, as assayed for by
expression of peptides like tachykinin, sets in during the last hours of
embryogenesis (data not shown). In the freshly hatched larva,
endocrine cells have inserted themselves into the larval midgut
epithelium and adopt their characteristic bottle shape, with a cell
body shifted basally, and a narrow neck terminating in a bulbous
thickening in contact with the apical (luminal) surface of the midgut
epithelium (Fig. 4A–C). Dense core vesicles, highly characteristic ofpeptidergic neurons and endocrine cells, are distributed throughout
the cytoplasm of the midgut entero-endocrine cells (Fig. 4D).De novo formation of endocrine cells in the larval and pupal midgut
In the late larva and early pupa, we observed a second set of pupal-
speciﬁc entero-endocrine cells that are associated with the transient
pupal midgut. Thus, in the AMP islands of late larvae, individual cells
started expressing Prospero; some of them also express tachykinin
(Fig. 5A, B). These new generation of Prospero-positive cells could be
clearly distinguished from the larval entero-endocrine cells by the fact
that they were much smaller, and also located within the islands (i.e.,
within the perimeter deﬁned by the presumptive tPMG cells) (Fig. 5A,
B). During the ﬁrst hours after puparium formation, the pupal entero-
endocrine cells grow and become integral part of the tPMG, which
separates from the midgut epithelium to surround the yellow body
(Fig. 5C). Pupal-speciﬁc endocrine cells are lost along with the tPMG
at eclosion.
During the ﬁrst 48 hours of pupal development, no endocrine cells
were observed in the presumptive adult midgut layer (Fig. 5D). Aside
from the differentiating adult enterocytes, only small presumptive ISCs
(pISCs) stand out (Fig. 5D). Adult speciﬁc entero-endocrine cells appear
for the ﬁrst time between 48 and 54 hours APF (Fig. 5E, F). These
endocrine cells derive from the division of pISCs. As shown above and
reported previously (Jiang and Edgar 2009), the precursors of the adult
midgut stem cells make their appearance and start dividing between 12
and 24 hours APF. Because endocrine cells appear in the adult midgut
layer after 48 hours APF, and initially all overlapwith the pISCs (Fig. 5E),
we wondered if they are descendants of the pISCs, similar to what
happens in the adult midgut. To address this questionwe used a lineage
trace construct (Act5c promoterNStopN lacZ), driven by esg-GAL4, to
trace the lineages derived from the pISCs. The initial divisions of pISCs
(up to around 48 hours APF) produced only an increased number of this
cell type. Later division of pISCs started producing Pros-positive
endocrine cells but not yet enterocytes, proving that endocrine cells
are indeed derived from divisions of pISCs (Fig. 5G).
Fig. 6 depicts schematically the complex developmental history of
the three populations of enteroendocrine cells: larval, pupal and adult.
Fig. 3. Emergence of larval entero-endocrine cells during the embryonic period. A–C: Z-projections of confocal sections of embryos labeled with antibody against Prospero (red) and
probe against esg (green)mRNA. Nuclei are labeled with TOTO-3 (blue). (A) Embryonic stage 10 (E10). Pros-positive endocrine precursors appear in the endoderm at the stage when
it starts to split into an inner (il) and outer layer (ol). pe: posterior endoderm, nb: neuroblast. During stage 11 (B), larval endocrine precursors (len) form part of the esg-positive
inner layer. By stage 14 (C), esg expression has become restricted to the adult midgut progenitor, which form a subpopulation of the inner layer separate from endocrine precursors
(len in C’). lec larval enterocyte precursor, yk yolk. D: Digital 3D model of the Pros-positive endocrine precursors (yellow) at successive embryonic stages (E11-16). Side view,
anterior to the left, dorsal up. At any given stage, endocrine precursors form a bilaterally symmetric population; only the left half of this population is shown. Note mitotic ﬁgures
among endocrine precursors (green) occurring during stage 12. ae anterior endoderm; hg hindgut; mt Malpighian tubules; pe posterior endoderm; pv proventriculus. E: Section of
stage 12 embryo in which endocrine precursors were labeled by anti-Prospero (brown). Many cells are in mitosis (meta: metaphase; telo: telophase). F: Number of endocrine
precursors at stage 11 (prior to mitosis), stage 14 (after mitosis), hatched L1, and L3 larva. Scale bars 50 μm. Error bars represent s.d.
166 S. Takashima et al. / Developmental Biology 353 (2011) 161–172Notch/Delta signaling is required to restrict the pool of entero-endocrine
cells in the embryo
The cell fate decision between enterocytes, endocrine cells, and
AMPs is dependent on a balanced activation of the Notch signaling
pathway. In the embryo, loss of Notch or Delta (Dl) results in a larval
midgut primordium that has a strongly increased number of Pros-
positive endocrine cells and reduced number of enterocytes. The
strongest phenotype is seen in embryos lacking the ligand Dl, which is
expressed widely in the entire midgut primordium (Fig. 7A); in
embryos lacking Dl, virtually all cells of the endoderm express Pros
(Fig. 7B–E). In contrast to the endocrine cells, AMPs seemed to be less
affected in late Delta mutant embryos. The number of esg-positive
cells associated with the midgut primordium is not enhanced
signiﬁcantly (Fig. 7G–I) [the average number of esg positive AMPs
was 74.4±11.4 (s.d.) in wild-type and 81.6±15.4 in Dl mutant,determined by in situ hybridization detecting esg mRNA at stage 16
embryos]. Zygotic loss of Notch, which has a signiﬁcant maternal
component (Kidd et al., 1986), produced a milder increase in
endocrine cells and loss of enterocytes (not shown).
Overexpressing a constitutively active Notch construct by esg-
GAL4 results in a strongly reduced number of Pros-positive cells
(Fig. 7F). These ﬁndings demonstrate that, similar to adult Drosophila
midgut and vertebrate gut in general, Notch signaling activity is
required for enterocytes and at the same time restricts the number of
endocrine cells that develop within a ﬁxed pool of precursor cells.
Fate choice of pupal and adult midgut epithelium are also controlled by
Notch/Delta signaling
Manipulating the level of Notch activity during the larval and
pupal stage had a similar, profound effect on midgut cell fate as in the
Fig. 4. Differentiated entero-endocrine cells. A: Z-projection of confocal section of
midgut of ﬁrst instar larva (L1). larval endocrine cells (len) are labeled by anti-Pros
(red); adult midgut precursors (amp) are labeled by esg (green). B: Confocal cross
section of Drosophila adult midgut epithelium. Entero-endocrine cell labeled by anti-
tachykinin antibody (red). Note basal position of cell body (cb) and elongated neck (ne)
reaching lumen (lu) of midgut. Cell nuclei are labeled with TOTO-3 (blue). ec:
enterocyte. C: Z-projection of confocal sections of larval midgut. Entero-endocrine cells,
labeled by pros-GAL4-driven mCD8GFP (green, shows cytoplasm) and anti-Pros
antibody (red; shows nuclei), have similar shape and distribution as in adult.
D: Electron micrograph of a cross section of entero-endocrine cell. Cell body (cb) of
endocrine cell, located in basal portion of midgut epithelium. Note high concentration
of dense core vesicles (dcv). ms: visceral muscle cell. Scale bars: 50 μm, except for
D: 1 μm.
Fig. 5. Development of pupal and adult endocrine cells. A–F: Z-projection of confocal
sections of midgut of third instar larva (L3; A, B), 6 hour prepupa (P6; C), 24 hour pupa
(P24; D), 54 hour pupa (P54; E) and 72 hour pupa (P72; F). Endocrine precursors and
endocrine cells are labeled by anti-tachykinin (red in A–C) and anti-Pros (blue in C, red
in E and F). (A, B) Larval endocrine cells (len) are scattered among cells of larval midgut
(lmg; A, B). 10XStat92E-GFP labels peripheral cells. In late larva, an additional set of
small, Prospero and tachykinin-positive cells appears within the clusters of adult
midgut progenitors (amp). These cells represent the pupal endocrine cells (tpen in B
and C) which, during early metamorphosis, become incorporated in the transient pupal
midgut (tPMG; C). lmg* degenerating larval midgut. The primordium of the adult
midgut (amg) does not possess Pros-positive cells in the early pupa (D). ms: visceral
muscle layer. (E) Pros expression is ﬁrst seen around 54 hours APF (P54) in esg-positive
presumptivemidgut stem cells (pISC) which are frequently dividing (arrowheads in E’).
In late pupa (F), adult endocrine precursors (aen) have increased in number. (G) pISC
lineage, marked by a lineage tracer nuclear beta-galactosidase (see Materials and
methods), was found in endocrine cells (red; Pros-expressing cells) as well as in pISCs
(green; esg-expressing cells). Scale bars: 50 μm, except for E: 25 μm.
167S. Takashima et al. / Developmental Biology 353 (2011) 161–172embryo or adult. Raising larvae trans-heterozygous for a Notch null
and a temperature sensitive allele (N55e11/Nts2) at the restrictive
temperature from the early larval period (1st and 2nd instar) caused
higher lethality and retarded development. Shifting to restrictive
temperature between 72 hours and 96 hours (the last 24 hours of 3rd
instar) after hatching led to increased numbers of pupa-speciﬁc
endocrine cells within the AMP islands (Fig. 8D, F, I). At the same time,
as already shown in a previous study by Mathur et al. (2010), this
treatment often removed the peripheral cells, which correspond to
the transient pupal enterocytes. By contrast, expressing the activated
form of Notch protein (Nintra) construct from the 2nd instar to late 3rd
instar in the AMP islands led to the conversion of all AMPs into
peripheral cells/pupal enterocytes, and the complete loss of Pros-
positive pupal endocrine cells (Fig. 8E, H, I).
Similarly, in the pupa, a temperature shift applied to N55e11/Nts2
mutants between 24 and 72 hours APF resulted in a strong increase
(more than 3-fold) in the number of Pros-positive cells (Fig. 8J, L, O),
whereas expression of a Nintra construct by esg-GAL4 in the pISCs
completely abolished these cells (Fig. 8K, O). Aside from these effects
on the number of Pros-positive endocrine cells, lowering or raising the
level of Notch activity during the pupal period also changed the
number of pISCs, which, as described above, give rise to the endocrine
cells (S.T. and V.H., unpublished data). pISCs and endocrine cells of the
72 hour pupa can be recognized by their small size, compared to the
surrounding polyploid enterocytes (Fig. 8J, M). In the wild-type
72 hour pupa, the ratio of Pros-positive (endocrine) and Pros-negative/esg-positive (pISC) small cells is approximately 1:1
(Fig. 8O). The wild-type “small cell (pISC+endocrine) vs large cell
(enterocyte)” ratio is 1:3. When activating Notch activity by esg-GAL4
from 24 to 72 hours APF, virtually no small cells are left (Fig. 8N, O).
This indicates that high Notch levels in pISCs of the pupawould induce
the differentiation of pISCs and their progeny as enterocytes, and
subsequent loss of both endocrine cells and dividing pISCs. If Notch
activity is lost in the pupal midgut, this causes, ﬁrst, an increased
number of the small cells, and, second, a higher fraction of Pros-
Fig. 6. Schematic representation of the development of entero-endocrine cells in the
embryo, larva, pupa and adult. Shown for each stage is length section of a short part of
the developing midgut primordium, with different cell types highlighted in different
colors (see color key). Abbreviations: aec: adult enterocyte; aen: adult endocrine cell;
amp: adult midgut progenitor; endo: endoderm; yb: yellow body; ISC: intestinal stem
cell; lec: larval enterocyte; len: larval endocrine cell; pc: peripheral cell; pISC:
presumptive intestinal stem cell; tpec: transient pupal enterocyte; tpen: transient
pupal endocrine cell.
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midguts is 1:1.5; virtually all small cells (96.4%) are Pros-positive
(Fig. 8L, O). These effects resemble the Notch loss-of-function (LOF)
phenotype described for the adult midgut (Ohlstein and Spradling
2007; Lin et al., 2009; Beebe et al., 2010) and are likely caused by the
same mechanism. Thus, loss of Notch activity results in heightened
proliferatory activity; speciﬁcally, cells whichwould normally become
postmitotic and differentiate, continue to divide in the Notch LOF
pupa (or adult). Secondly, reduction or loss of Notch favors the
expression of Pros, which results in the high fraction of Pros-positive
cells observed in N55e11/Nts2 72 hour pupae. Division and Pros
expression is not mutually exclusive. Thus, also in wild-type, cells
expressing Pros keep dividing. This is shown both in the embryo (see
Fig. 3E), as well as in the pupa, where pISCs become Pros-positive
during or prior to division (see Fig. 5E).
Discussion
The midgut epithelium repeats a conserved pattern of proliferation/
differentiation during three different developmental periods
The Drosophila midgut consists of three major cell types,
enterocytes, entero-endocrine cells, and progenitors/stem cells.
These cells are generated three times during development, when
generating a larval midgut, transient pupal midgut, and adult midgut
(Fig. 6). The mechanisms that specify the cell types, and the
morphogenetic process by which these cells actually separate from
each other, appear to be highly conserved during each of these phases.
Thus, in a ﬁrst step, a pool of undifferentiated progenitor cells in-
creases its population by cell division. During this phase (earlyembryonic endoderm; early larval AMPs, late larval AMPs) all cells
express esg. In a second step, enterocytes (the outer endoderm layer
in embryo; peripheral cells in larva; and prospective adult enterocytes
in early pupa) become postmitotic, lose esg expression, and physically
split from another group of cells which maintain esg expression and
continue to divide (inner layer of embryonic endoderm; inner AMPs
in larva; pISCs in pupa). In a third step, the esg-positive cells give off
endocrine cells which become Pros-positive and eventually lose esg,
as well as progenitor/stem cells that continuously remain esg-positive.Endodermal cell fate choices are controlled by Notch/Delta signaling
throughout development
Notch/Delta signaling mediates the decision of midgut cell fates
produced by the ISCs in the adult (Ohlstein and Spradling, 2006, 2007;
Micchelli and Perrimon, 2006). After each ISC division, Delta is
maintained in one of the two daughter cells as a renewed ISC and
activates Notch pathway in the other, neighboring daughter cell
(Fig. 9, “Adult”). This second daughter, called enteroblast, is inhibited
by Notch activity from further division. In addition, the level of Notch
activity determines whether the enteroblast differentiates as enter-
ocyte (high Notch activity) or entero-endocrine cell (low Notch
activity). Thus, a key element of the mechanism underlying midgut
fate determination is the level and localization of Delta. In the adult
midgut, upstream acting signaling events emanating from the visceral
musculature that surrounds the gut are responsible in maintaining
(various levels of) Delta expression in the ISCs (Lin et al., 2008; Lin
et al., 2009). We propose that the same mechanism could start acting
during the pupal stage. During early metamorphosis, the larval
visceral musculature de-differentiates; myoﬁbrils and extracellular
matrix is lost, even though the muscle cells themselves survive
(P. Aghajanian and V. H. unpublished data). Around 40 hours APF
these cells re-differentiate into adult visceral muscle (P. Aghajanian
and V. H. unpublished data). This is about the time when pISC change
their proliferation pattern from symmetric self renewal to amode that
produces endocrine cells (Fig. 9, “Pupa”). It is possible that the re-
occurrence of visceral muscle structure may differentially activate
Delta protein in pISC to change the fate of their daughter cells.
It is likely that the level and spatial distribution of the Delta signal
is also instrumental in determining the right number and patterning
of enterocytes vs endocrine cells vs progenitors in the larva and
embryo. In the larva, complex signaling events between the emerging
peripheral cells and the central cells of the AMP islands could focus
expression of Delta towards the latter (Mathur et al., 2010) (Fig. 8A).
Again, it is possible that the larval visceral musculature also plays a
role in adjusting Delta expression. Delta in turn activates the Notch
cascade in the periphery of the AMP islands (Fig. 9, “Larva”), resulting
in a certain number of transient pupal enterocytes and endocrine cells
to develop within each island.
In the embryo, Delta is required to trigger high Notch activity in
endoderm cells that separate as outer layer and differentiate into
enterocytes (Fig. 9, “Embryo”). Delta is expressed widely in the
endoderm during the stagewhen inner and outer layers split (Fig. 7A),
and it is not clear how differences in Delta level correlate with
different locations of cells within the endoderm. It should be noted
that the situation is complicated by the fact that several different
types of enterocytes develop which will populate the different
segments of the midgut along the antero-posterior axis; for example,
one these cell types, the so called interstitial cells which come to lie
within the middle of the gut tube, split from the remainder of the
enterocytes even earlier than the endocrine cells and the AMPs
(Tepass and Hartenstein, 1994, 1995). Morework, based on additional
fate-speciﬁc markers, is required to reconstruct in detail the
mechanics of the Notch–Delta signaling step that speciﬁes fate in
the embryonic endoderm.
Fig. 7. Notch signaling controls entero-endocrine speciﬁcation in the Drosophila embryo. A: Horizontal confocal section of stage 11 embryo labeled with anti-Delta (green) antibody.
Nuclei are labeled with TOTO-3 (white). Note: expression of Delta in outer layer (ol) and inner layer (il) of posterior endoderm and in mesoderm (ms). ep: epidermal ectoderm. B, C:
A cross section (B) and a whole-mount embryo from lateral view (C) of stage 15 wild-type embryo, showing normal pattern of prospective larval endocrine cells (len) labeled with
anti-Prospero (brown). lec: larval enterocyte; lmgp: larval midgut primordium; yk: yolk. D, E: A cross section (D) and a whole-mount embryo (E) of stage 15 Delta mutant (Dl-)
embryo. Endocrine precursors are strongly increased at the expense of enterocytes. F: Whole-mount of stage 15 embryo in which Notch was activated in endoderm, using esg-GAL4
and UAS-Nintra. Note strongly reduced number of Pros-positive endocrine cells. G: Confocal section of posterior endoderm (pe) of wild-type stage 11 embryo labeled with esg probe
(green) and anti-Prospero (red) antibody. nb neuroblast. H, I: confocal section of endoderm of stage 11 (H) and stage 15 (I) Delta-mutant embryo labeled with anti-Prospero and esg
probe. lmgp: larval midgut primordium. Scale bars: 50 μm.
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vertebrate gut
In the vertebrate gut, entero-endocrine cells are formedwithin the
same endodermal primordium that gives rise to the enterocytes
(Pictet et al., 1976; reviewed by Hartenstein et al., 2010). As in
Drosophila, all endodermal cells of the early vertebrate embryo
proliferate. Subsequently, as the endodermal epithelium gets folded
into villi and crypts, proliferation gets restricted to the crypts (Crosnier
et al., 2005). In themature gut, crypts contain small numbers of slowly
cycling stem cells (ISCs), surrounded by a progeny that divides fast
(amplifying progenitors) and at the same time adopts different fates.
As cells differentiate, they move upward to the apices of the villi, from
which they are eventually sloughed off.
Recent studies have started to elucidate the mechanism by which
different intestinal cell fates, including enterocytes, entero-endocrine
cells (and other secretory cell types), and proliferatory stem cells are
related. Bjerknes and Cheng (2006) demonstrated that labeled clones
contain both enterocytes and entero-endocrine cells. This suggests
that at the level of the progenitor or stem cells in which the clones
were induced, a decision between endocrine and enterocyte fate had
not yet been made. In line with this conclusion, other studies showed
that cell–cell interactions among intestinal cell precursors involving
the Notch signaling pathway specify intestinal cell fate. Endocrine
precursors (including still proliferatory as well as postmitotic cells)
express bHLH transcription factors (“pro-endocrine factors”), in
particular Math-1 and neurogenin 3 , as well as the Notch ligand,
Delta (for review, see Lee and Kaestner, 2004; Schonhoff et al., 2004b).
Loss of Delta or Notch function increases the number of endocrine
cells, often at the expense of enterocytes; loss of “proendocrine
factors” has the opposite phenotype. For example, in mouse,Math-1 isexpressed in the zone of transient amplifying progenitors and then
becomes restricted to postmitotic exocrine and endocrine cells. Loss of
Math-1 results in the absence of both cell populations (Yang et al.,
2001). Another proneural gene, neurogenin 3, may act downstream of
Math-1 in a more restricted progenitor populations that include only
endocrine cell types (Jenny et al., 2002; Lee et al., 2002; Schonhoff
et al., 2004a). Thus, loss of neurogenin 3 in mouse results in the
absence or strong reduction of several endocrine cell populations, in
particular glucagon, somatostatin, and gastrin expressing cells. The
Notch ligand Delta (DeltaD in zebraﬁsh; Delta1 inmouse) is expressed
in enteroendocrine and secretory cells (Crosnier et al., 2005).
Disruption of Delta function (by depleting the gene mib in zebraﬁsh;
Crosnier et al., 2005) converts gut enterocytes into secretory
(exocrine/endocrine) cells. These and other data indicate that the
cell fate determining mechanism is highly conserved in vertebrates
and Drosophila.
Common elements in the developmental pathways of endocrine cells and
neurons
A general conclusion that can be drawn from our study, as well as
similar studies in vertebrate intestinal development, is that the
selection of endocrine cells from epithelial enterocytes follows a
similar mechanism, and is controlled by the same gene cassette, as the
selection of neural precursors from the neurectoderm. In Drosophila,
the neurectoderm forms an epithelial layer which splits into two
major cell populations, the neural progenitors (neuroblasts) and
epidermal progenitors. The former delaminates from the neurecto-
derm and produces the central nervous system; the latter remains
epithelial cells at the surface and later gives rise to the epidermis of
the animal. Prior to the speciﬁcation of neuroblasts and epidermal
Fig. 8. Role of Notch signaling in the speciﬁcation of pupal and adult entero-endocrine cells. A: Z-projections of confocal sections of late larval midgut (lmg). Expression of esg (esg-
GAL4 driving UAS-mRFP) is shown in green; expression of Delta (antibody) in red. Delta labeling appears in the central cells of the clusters of adult midgut progenitors (amp;
arrowhead in inset). B: Confocal section of late larval midgut labeled with anti-Prospero (red); Notch activity, monitored by the expression of a Gbe+Su(H)-lacZ [Su(H), green] is high
in the peripheral cells (pc), and occurs at an intermediate level in the transient pupal endocrine precursors (tpen). Central cells destined to become the adultmidgut (amp) showno Su
(H) signal. C: Confocal section of 16 hour pupal midgut. Presumptive midgut stem cells (pISCs) are labeled by expression of esg (green). Faint Delta labeling (red) is seen in pISCs (see
inset). D–F: Z-projection of confocal sections of late larval gut labeled with anti-Pros (red) and TOTO-3 (nuclei, blue), showing large larval enterocytes (lec), larval endocrine cells
(len), and pupal endocrine precursors (arrowheads). In wild type (D), pupal endocrine precursors occur in a small fraction of amp-islands. If Notch is activated in the late larval stage
by esg-GAL4-driven expression of the Nintra construct (E), no pupal endocrine precursors occur. Reducing Notch activity in 3rd instar larvae for 24 hours (F) multiplies the number of
pupal endocrine precursors by a factor of almost ten. G, H: Confocal sections of late larval midguts labeled with anti-Armadillo (Arm) antibody which outlines cell membrane. Anti-
Pros antibody marks larval endocrine cells in (H). In wild type (G), clusters of small, round adult midgut progenitors (amp) are surrounded by ﬂat peripheral cells (pc). Activation of
Notch in the late larva after the second instar (72–120 hours AEL; H) results in a transformation of central adult midgut progenitors into peripheral cells. I: Histogram showing
frequency of pupal endocrine precursors (the number in an area of 0.15 mm2 of posteriormidgutwas analyzed). J–L: Z-projections of confocal section of 72 hour pupalmidgut labeled
with anti-Pros (red) and TOTO-3 (nuclei, blue). Wild-type pupal midgut (J) contains small, approximately equal fractions of presumptive intestinal stem cells (pISCs; small Pros-
negative nuclei) and adult endocrine cells (aen; small Pros-positive nuclei). Activation of Notch from 24 hours APF to 72 hours APF results in disappearance of endocrine cells and
pISCs (K). Loss of Notch during the same time period causes higher number of small cells; most of these are Pros-positive (L). M, N: Confocal section of 72 hour pupal midgut labeled
with anti-Armadillo (Arm) and anti-Pros. Arm-labeling shows cell boundaries (thin lines); Pros labels nuclei of endocrine cells (white spheres). In wild type (M and inset), small cells
(as deﬁned by Arm labeling) are either Pros-negative or Pros-positive. The former represent presumptive intestinal stem cells (pISCs), the latter adult endocrine cells (aen). In pupa
where Notch was activated (24–72 hours APF), no small cells, Pros-positive or negative, are visible (N). O: Histogram showing frequency of adult endocrine cells (blue) and
presumptive intestinal stem cells (magenta) in 72 hour pupa (compared to the number of enterocytes). Scale bars: 50 μm, except for B: 25 μm. Error bars represent s.d.
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Fig. 9. Model of Notch function in entero-endocrine cell speciﬁcation in Drosophila
(embryo, larva, pupa, and adult) and mammalian intestine, proposed on present data
and published literature. Indicated in each diagram is the source of Delta (Dl), as well as
the cell type displaying high levels of Notch signal (large N), low levels of Notch signal
(small letter N), and absence of Notch signal (N0).
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clusters,” express bHLH transcription factors which convey a “neural
competence” onto the proneural clusters (Campuzano and Modolell,
1992; Campos-Ortega, 1995). Lack of these genes results in a
reduction or loss of neuroblasts. bHLH genes are also expressed in
speciﬁc domains of the vertebrate neural tube and show similar
phenotypes (i.e., loss of neuron populations derived from the
corresponding domains) when mutated (reviewed by Kageyama
et al., 1995; Guillemot, 1999).
In a second step of neuroblast/epidermoblast speciﬁcation (called
“lateral inhibition”) cells of each proneural cluster “compete” with
each other to become a neuroblast (Campos-Ortega, 1995). On the
molecular level, this competition is mediated by the signaling
molecule Delta (or other Notch ligands like Serrate/Jagged), whose
expression is upregulated within proneural clusters by the proneural
bHLH genes. As the end result of the signaling, two populations of cells
emerge. One population expresses high levels of proneural genes and
Delta (and is itself low in Notch activity); these cells are speciﬁed as
neuroblasts. Loss of Notch signaling will increase the number of
neuroblasts. The second population has high Notch activity levels and
is low in proneural genes and Delta; these cells will give rise to
epidermis and are decreased in number if Notch signaling is defective.
Neurogenesis in the vertebrate neural tube is also dependent on
Notch signaling. Here, populations of neuronal precursors with
different fates delaminate in successive steps from a proliferating
neuroepithelium. For example, in the retina, the ﬁrst neurons to
delaminate are the ganglion cells; they are followed by precursors of
photoreceptors, amacrine neurons, etc. At any given time point, Notch
signaling activity promotes the fate of neuroepithelial cells, and at thesame time delimits the class of neurons born at that time (Dorsky
et al., 1997).
The “developmental–genetic scenario” that we encounter during
early neurogenesis (bHLH gene expression–proneural cluster–Notch
signaling lateral inhibition–high Notch activity–epithelial cells low
Notch activity–delaminating neurons/neuroblasts) appears very sim-
ilarly in gut development. Here, the epithelial cells depending on high
Notch activity are the enterocytes; the cells requiring bHLH genes, and
low Notch activity, are the endocrine precursors, which also (at least
partially) delaminate from the epithelium. It has long been realized
that neurons and endocrine cells share the expression of numerous
molecular and ultrastructural features (Falkmer, 1993). However,
given the developmental ﬁndings summarized above, the extent of
“genetic overlap” between endocrine and neural cells may be even
greater than previously expected. The similarities between neurons
and endocrine cells probably reﬂect a common phylogenetic origin of
these cell types. The communication among cells that is mediated by
secreted, diffusible signals is phylogenetically older than neural
transmission. Animalswithout nervous system (e.g., sponges; Robitzki
et al., 1989) and even protists (Csaba and Pallinger, 2008) produce
many secreted molecules which are often molecularly homologous to
hormones or neural transmitters found in multicellular animals. One
may speculate that, during an early step of evolution that occurred in
primitive multicellular animals, specialized epithelial cells within the
epidermis and the gut reacted to certain stimuli by secreting
metabolites that diffused throughout the body and evoked adaptive
responses in other tissues. A direct line of evolution led from these cells
to the entero-endocrine cells is still found today in all animals. A
second line of evolution transformed subsets of the hypothetical
“endocrine-neural forebears” into neurons, cells which elaborate
processes and form specialized synaptic contacts. According to this
view it would be expected that a conserved genetic mechanism is
employed to separate endocrine cells and neurons from the respective
epithelium into which they are embedded.
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